FoxA proteins are pioneer transcription factors, among the first to bind chromatin domains in development and enable gene activity. The Fox DNA-binding domain structurally resembles linker histone and binds nucleosomes stably. Using fluorescence recovery after photobleaching, we found that FoxA1 and FoxA2 move much more slowly in nuclei than other transcription factor types, including c-Myc, GATA-4, NF-1, and HMGB1. We find that slower nuclear mobility correlates with high nonspecific nucleosome binding, and point mutations that disrupt nonspecific binding markedly increase nuclear mobility. FoxA's distinct nuclear mobility is consistent with its pioneer activity in chromatin. (Karpova et al. 2008) , and diffusion in the nucleoplasm. The most common means to assess TF movement in nuclear chromatin is the fluorescence recovery after photobleaching (FRAP) technique, wherein a fluorescence-tagged protein in an area of interest is irreversibly bleached by a laser pulse. The recovery of fluorescence, by movement of unbleached protein into the bleached area, is recorded by time-lapse confocal microscopy. Generally, FRAP of chromatin components, such as linker histones, is slow (e.g., t 1/2 = 30-60 sec) (Lever et al. 2000; Misteli et al. 2000; Kimura and Cook 2001) , whereas that of TFs is fast (e.g., t 1/2 = a few seconds) (McNally et al. 2000; Becker et al. 2002; Phair et al. 2004) . Different TFs have different affinities for nucleosomal DNA, and we speculated that such differences could be a major determinant of factor mobility in the nucleus.
Transcription factors (TFs) have different activities in native chromatin. Pioneer factors bind chromatin domains early in development and help establish competence for expression states (Zaret 2002) ; other factors are involved in subsequent steps of gene regulation. In this study, we were interested in whether these different functional properties are reflected in differences in how the factors cycle in and out of nuclear domains. Parameters that are known to affect TF mobility in the nucleus include intrinsic affinities for DNA, chromatin modification states (Guccione et al. 2006) , facilitation of chromatin binding by nucleosome remodeling complexes (Rayasam et al. 2005) , interactions with other factors (Nagaich et al. 2004; Buck and Lieb 2006) , promoter accessibility (Karpova et al. 2008) , and diffusion in the nucleoplasm. The most common means to assess TF movement in nuclear chromatin is the fluorescence recovery after photobleaching (FRAP) technique, wherein a fluorescence-tagged protein in an area of interest is irreversibly bleached by a laser pulse. The recovery of fluorescence, by movement of unbleached protein into the bleached area, is recorded by time-lapse confocal microscopy. Generally, FRAP of chromatin components, such as linker histones, is slow (e.g., t 1/2 = 30-60 sec) (Lever et al. 2000; Misteli et al. 2000; Kimura and Cook 2001) , whereas that of TFs is fast (e.g., t 1/2 = a few seconds) (McNally et al. 2000; Becker et al. 2002; Phair et al. 2004) . Different TFs have different affinities for nucleosomal DNA, and we speculated that such differences could be a major determinant of factor mobility in the nucleus.
In this context, we focused on Fox (forkhead box) TFs, which are distinguished by a ''winged helix'' DNA-binding domain (DBD) that resembles linker histone in structure (Clark et al. 1993; Ramakrishnan et al. 1993) . Mammals contain 43 different Fox family members, each with a DBD sequence variant that defines classes FoxA-FoxQ (Katoh 2004 ). The FoxA class was the first to be discovered and was found to regulate genes involved in development, signal transduction, and longevity (Katoh 2004) . The winged helix DBD for FoxA factors contains a helix-turn-helix (HTH) motif that makes base-specific DNA contacts as well as two flanking loops (wings) of polypeptide chain that contact the phosphodiester backbone of DNA (Clark et al. 1993) . The wing contacts increase the overall affinity of the protein for DNA (Cirillo and Zaret 2007) , allowing FoxA to bind tightly on one side of DNA along the long axis, as a monomer.
Three lines of evidence indicate that FoxA factors, and likely other Fox factors, serve as pioneer factors. First, a FoxA target site at the alb1 gene enhancer is occupied in endoderm cells in which alb1 is silent, and the FoxA site remains occupied during the developmental period in which the endoderm remains competent to activate the alb1 gene (Gualdi et al. 1996; Bossard and Zaret 2000) . Second, FoxA1 and FoxA2 factors are highly conserved in metazoan endoderm development (Davidson and Erwin 2006) and are redundantly necessary in the endoderm for alb1 induction and liver development (Lee et al. 2005) ; also, chromatin binding by FoxA1 in other contexts can enable subsequent binding by the glucocorticoid, estrogen, and androgen receptors (Grange et al. 1991; Lupien et al. 2008) . Third, the structure of the Fox DBD resembles that of linker histone (Ramakrishnan et al. 1993) , and FoxA factors can bind stably to a nucleosome in vitro and in vivo (Cirillo et al. 1998; Chaya et al. 2001) . Such binding in vitro does not require modification of the core histones (Sekiya and Zaret 2007) and can, on highly compacted nucleosome arrays, result in hypersensitivity of the underlying nucleosome (Cirillo et al. 2002) . These properties distinguish FoxA from other factors such as GATA-4, which also bind chromatin in early development but are dependent on FoxA for stable nucleosome binding (Cirillo and Zaret 1999) . Based on these issues, we asked if FoxA factors have unusual mobility properties in the nucleus, compared with other factors, and assessed whether such properties are related to the capacity of the factors to bind nucleosomal DNA. The distinctive features we found for FoxA are considered in light of its function as a pioneer factor. et al. 2004): c-Myc (basic helix-loop-helix), GATA-4 (zinc finger), HMGB1 (high-mobility group), NF-1 (43 cys + ahelix), and FoxA1 (winged helix). In transiently transfected H2.35 cells (Zaret et al. 1988) , FoxA1 consistently exhibited the slowest FRAP, showing a half-recovery time of ;14 sec, whereas the half-times for other factors were ;8 sec for c-Myc, 7 sec for GATA-4, 5 sec for NF-1, and 1 sec for HMGB1 (Fig. 1A) . For all factors, fluorescence of the bleached region recovered to the levels of the unbleached region (relative fluorescence intensity = 1) (Fig.  1A) . While no differences in FRAP were seen between cells expressing high or low amounts of each factor (data not shown), we quantified data from cells that expressed low levels of the GFP proteins. Also, we determined the levels of protein expression by Western blotting against the common GFP epitope and normalizing for transfection efficiency (percent green cells) (Supplemental Fig.   S1A ,B). HMGB1 exhibited the highest relative expression level as well as the fastest FRAP; a fast FRAP was previously recorded for HMGB1 (Phair et al. 2004) . Most importantly, of the other proteins tested here, FoxA1 had slightly higher expression (Supplemental Fig. S1A ,B) yet showed the slowest FRAP (Fig. 1A) , indicating that nuclear protein concentration of these factors was not a primary determinant of FRAP. Furthermore, GFPFoxA1 and nontagged FoxA1 showed similar properties with regard to trans-activation (Supplemental Fig. S1C -E), indicating that the attachment of GFP does not detectably affect the function of FoxA1. We also observed similarly slow mobility of FoxA2-GFP (Supplemental Fig. S1F ). In conclusion, FoxA1 and FoxA2 exhibited the slowest intrinsic mobility in nuclei among the TFs tested.
Movement of TFs in nuclei inversely correlates with their consensus sequence-independent binding to nucleosomes
Because most of the eukaryotic genome is composed of nucleosomes without consensus binding sites for a given TF, we hypothesized that the mobility of factors in nuclei could relate to their nonspecific affinity for nucleosomes. To test this, we performed electrophoretic mobility shift assays (EMSAs) of the above factors in purified, recombinant form ( Fig. 1B ) with nucleosomes made with 5S rDNA and NCP147 (a-sat) DNA, which lack target sequences for the factors and make stable, positioned nucleosomes in vitro (Simpson et al. 1985; Luger et al. 1997) . FoxA1 showed the strongest affinity for both substrates, with binding to NCP147 first detectable at 0.3-1 nM compared with 3 nM or more for c-Myc/Max, HMGB1, NF-1, and GATA-4 (Fig. 1C) . On 5S rDNA mononucleosomes, 0.3 nM FoxA1 initiated binding comparable with 3 nM c-Myc/Max or more of the other factors (Fig. 1C) . Strikingly, the order of the nonspecific affinity of the factors for nucleosomes corresponds well to the inverse order with which the factors move in the nucleus, as assayed by FRAP (Fig. 1D) . Note that the nucleosome preps were virtually devoid of free DNA and FoxA1 complexes with nucleosomes migrated distinctly from FoxA1 complexes with free DNA (Supplemental Fig. S2A ), as seen previously (Cirillo et al. 1998; Cirillo and Zaret 1999) . On free DNAs, FoxA1 bound about twofold better than the other factors, followed by both c-Myc/Max and HMGB1, then by GATA-4, and then by NF-1 (Supplemental Fig. S2B ). Thus, nuclear mobility differences inversely correlate best with binding of the factors nonspecifically to nucleosomes and similarly but not as closely to their relative affinities for free DNA.
Quantitating FoxA1 movement across the nucleus
To better visualize and quantitate the dynamic movement of FoxA1 in the presence of native chromatin, we used a half-area FRAP assay (Phair et al. 2004) . In this experiment, we bleached an approximately half-nuclear area and carefully quantitated the FRAP across three regions of the bleached domain ( Fig. 2A-C) . As a control, we investigated c-Myc, the second-most-stable binding factor in our above assays and previously shown to bind particular chromatin domains (Guccione et al. 2006) . After bleaching, GFP-c-Myc fluorescence equilibrated between the bleached and unbleached areas in about 40-50 sec ( Fig. 2A) , as reported previously (Phair et al. 2004) . Unbleached GFP-c-Myc reached the distal part of the bleached nucleus within 5 sec, and, notably, the entire bleached domain recovered nearly uniformly ( Fig. 2A,C) . Taken together, our results indicate that c-Myc's low nucleosome-binding capacity is associated with fast cycles of binding and dissociation, and thus c-Myc moves quickly across the nucleus (Fig. 2D, left) .
In contrast to c-Myc, unbleached GFP-FoxA1 hardly reached the distal bleached region after 5 min (Fig. 2B,C) . Even more strikingly, FoxA1 recovered from the border of the unbleached region first and then spread slowly into the bleached region (Fig. 2B ). Note how the three different regions reached a plateau in their fluorescence recovery at different times for FoxA, but at similar times for c-Myc (Fig. 2C) . The slow mode of nuclear movement for FoxA in the half-area FRAP assay is similar to what was seen previously for linker histone H1o (Phair et al. 2004 ) and differs from that of diverse other factors tested (Phair et al. 2004) , including c-Myc, as shown here. Taken together, our results indicate that FoxA1's high nonspecific nucleosomebinding capacity is associated with slow cycles of binding and dissociation within the nucleus, and thus slow nuclear movement (Fig. 2D, right) .
DNA sequence-dependent and sequence-independent binding of FoxA1 to nucleosomes
We next investigated in detail the target sequencedependent and sequence-independent binding of FoxA1 to nucleosomes. FoxA target sequences occur at approximately either half or one-and-a-half helical turns from the dyad axis on the N1 nucleosome at the alb1 enhancer in liver cells (McPherson et al. 1993; Chaya et al. 2001) . By molecular modeling of the FoxA DBD on the NCP147 nucleosome structure at these two locations, we substituted a FoxA-binding sequence (FoxA-bds) into five positions of the NCP147 sequence ( Fig. 3A,D ; Supplemental Table 1 ; Luger et al. 1997) . We note that the FoxA sequence was only the central 7 base pairs (bp) of the optimal full-length 15-bp sequence (Cirillo and Zaret 2007) , in order to preserve the structure of the NCP147 on the nucleosome. Despite this, in EMSA, the nucleosomes with the FoxA-bds 2 bp downstream from the dyad axis (D + 2) showed enhanced binding to FoxA1 (Fig.  3B ,C, P < 0.01), with an apparent Kd of 1.1 nM for D + 2 compared with 1.8 nM for the original NCP147 (Supplemental Fig. S3A,B) . The D + 2 FoxA-bds is recognized by Fig. S3C,D) . These results indicate that the FoxA-bds enhances FoxA1 binding to NCP147 mononucleosomes nearly twofold and that, as observed for other factors (Li and Wrange 1995) , the specificity is dependent on the translational and rotational position of the target sequence. It seems likely that a more native FoxA sequence would exhibit a greater affinity for the factor.
But more relevant to this study, the absence of FoxA1 footprints in bound complexes with the NCP147 nucleosomes (Supplemental Fig. S3C) shows that although the factor does not bind fortuitous DNA sites in that context, it still binds nonspecifically to the particles with relatively high affinity ( Fig. 3C; Supplemental Fig. S3B ).
Sequence-nonspecific binding to nucleosomes is a major determinant of FoxA1 movement in the nucleus
Previous studies in the FRAP field have argued that the relatively small number of functional target sites for a TF, relative to total genomic DNA, could not account for nuclear mobility dynamics of the factor (Karpova et al. 2004; Hinow et al. 2006 ). Yet a direct comparison of the specific and nonspecific binding of a factor to DNA or nucleosomes, in relation to nuclear mobility, has not been assessed. To directly assess this issue, we availed ourselves of the FoxA3-DNA crystal structure and the extreme conservation of the DBD sequence among FoxA family members to selectively mutate FoxA1's specific and nonspecific target site-binding capacity. The approach was enabled by the clear role of the FoxA DBD wing motifs in providing nonspecific interactions with the polynucleotide backbone of DNA, versus the HTH motif providing base-specific contacts within the double helix ( Fig. 4A ; Clark et al. 1993; Cirillo and Zaret 2007) .
We made a FoxA NH-mut that contains alanine substitutions at two of the three amino acids within the HTH (N216, H220) that make base contacts with DNA and thus is predicted to disrupt sequence-specific binding, while retaining some degree of nonspecific binding (Fig.  4A ). We also made two different sets of wing mutations, each intended to disrupt sequence nonspecific binding, while retaining some degree of specific binding. Our RRmut alters two residues to alanines within wing 2 (R262, R265) that make phosphate contacts with DNA, and our SW-mut alters two residues to alanines within wing 1 (S242, W244) that make phosphate contacts with DNA (Fig. 4A) . The occurrence of the RR and SW residues within random-coil segments of the protein diminishes the possibility that their mutation to alanines affects the overall fold of the DBD. The fact that the residues are buried within the DBD-DNA interaction surface diminishes the possibility that their mutation affects FoxA1 binding to other proteins.
We also made the compound NHRR-mut, which should disrupt both specific and nonspecific DNA binding, as well as the compound mut-All, which contains all three pairs of mutations described above. Recombinant proteins were made of each mutant (Supplemental Fig.  S4A ) for testing the above predictions in EMSA titration assays, and then the mutants were assessed in FRAP assays.
For EMSA, we used two pairs of DNA templates. The first pair consisted of the alb1 enhancer sequence N1-A, containing natural FoxA1-bds, and the N1-A eGeH-mut sequence, lacking FoxA1-bds (see Cirillo et al. 1998 ). The second pair of templates consisted of the D + 2 variant of the NCP147 sequence, containing an artificial FoxA1 site (Fig. 3A,D) , and the NCP147 sequence, lacking such. Each pair of templates was used as free DNA and as assembled into mononucleosomes. The templates were used in EMSAs at 2 nM concentration with increasing concentrations of recombinant FoxA1 proteins. Finally, the data were quantitated by PhosphorImager analysis and graphed to show the ratio of the first shifted band over unshifted (Clark et al. 1993 ) using RASMOL. DNA in ball and stick, FoxA in gray wireframe, and amino acids mutated in spacefill. Amino acids are N216 (red), H220 (blue), R262 (orange), R265 (pink), S242 (green), and W244 (cyan). (B,C,E,F) EMSA with increasing concentrations of purified recombinant proteins of FoxA1 and the free N1-A DNA (B,C) and mononucleosome (E,F) probes indicated. Data from B, C, and E, F, where there is >90% free probe and quantifiable shifting, are plotted in D and G, respectively. N1-A DNAs or mononucleosomes either contained a FoxA-bds (solid bars), or lacked a FoxA-bds site (N1-A/eGeH mut, open bars). The data show that NH-mut is diminished in sequence-specific binding but retain nonspecific binding, and that RR-mut is diminished in overall nonspecific binding but retain some specific binding. (H, left) Fluorescence recovery kinetics of GFP fusion FoxA1 proteins indicated. The data show that loss of nonspecific binding (RR-mut) elicits a more dramatic increase in nuclear mobility than loss of specific binding (NH-mut).
(free) template at FoxA1 concentrations where >90% of template was free and where the shifted band was quantifiable ( Fig. 4D,G; Supplemental Fig. 4D,G) .
Wild-type FoxA1 showed the strongest binding to all of the DNAs and mononucleosomes, with an expected difference in affinity between templates with or without FoxA-bds ( Fig. 4B-G; Supplemental Fig. S4B -G, lanes 1-5; P # 0.05). The NH-mut, predicted to lose specific target binding, exhibited a several-fold decrease in binding to all of the DNA and mononucleosomes (Figs. 4B-G; Supplemental Fig. S4B-G, lanes 6-9) . But unlike wild-type FoxA1, the NH-mut did not exhibit a marked difference (by t-test) in affinity between templates containing versus lacking FoxA-bds. Furthermore, NH-mut retained considerable nucleosome binding.
In contrast, the RR-mut of wing 2 showed a greater decrease in binding to all DNA templates compared with the NH-mut (Fig. 4B,D; Supplemental Fig. S4B,C, lanes  10-13) . Yet the RR-mut retained statistically significant, sequence-specific binding on the alb1 N1-A free DNA template, compared with the N1-A eGeH-mut ( Fig. 4B-D , lanes 10-13; P # 0.05). More significantly, the RR-mut lost almost all binding to the nucleosomal templates , demonstrating that nonspecific DNA binding is crucial for significant nucleosome binding.
The combined NHRR-mut showed an additional reduction of DNA and mononucleosome binding ability, completely losing consensus sequence recognition (Figs. 4B-G; Supplemental S4B-G, lanes 14-17). With the SWmut of wing 1, DNA binding was almost undetectable binding in the EMSA assay, consistent with a crucial role for wing 1 as described previously (Cirillo and Zaret 2007 ; data not shown). Finally, mutation of all six amino acids (mut-All) eliminated DNA and mononucleosome binding of FoxA1 (data not shown).
We next performed FRAP assays with the FoxA1 mutants fused to the same GFP as wild-type FoxA1, thus controlling for fluorescence quenching among the different constructs. All factors were nuclear and expressed at comparable levels (Supplemental Fig. 4H ). The NH-mut, which lost sequence-specific binding but retained partial nonspecific binding to DNA and nucleosomes, exhibited an increase in nuclear mobility (Fig. 4H, left panel) . However, the NH-mut was distinctly the least affected of the mutants. The order of increasing nuclear mobility among the mutants was NH-mut, RR-mut, NHRR-mut, SW-mut, and mut-All. This corresponds precisely to the stepwise decrease in nonspecific DNA and nucleosome binding seen by the mutant series in vitro. Notably, the RR-mut, which retained free DNA binding but lost virtually all nucleosome binding in vitro, exhibited a more marked increase in nuclear mobility than the NH-mut. The mobility of mut-All was as fast as that of GFP fused to a nuclear localization signal (data not shown), which diffuses freely in the nucleoplasm (Phair et al. 2004 ). Based on the dramatic effects of the double amino acid changes on nonspecific nucleosome binding by FoxA1, we conclude that such binding is a major contributor to the factor's nuclear mobility.
Nuclear mobility and pioneer factor function
We speculate that the markedly higher affinity of FoxA for chromatin, compared with the behavior of c-Myc, reflects the enhanced ability of FoxA, in the half-area FRAP assay, to scan both free DNA and nucleosomal target sequences (Fig. 3D, right) . This has features similar to the role for nonspecific DNA interactions proposed to allow lac repressor and p53 to scan ''linearly'' along free DNA (Kalodimos et al. 2004; McKinney et al. 2004 ). Due to lower nucleosome affinity and less stable binding, cMyc can exist free in the nucleoplasm for longer periods than FoxA and hence move more quickly across the nucleus (Fig. 3D, left) . By performing site-directed mutagenesis of the contact surface between FoxA1 and DNA, we discovered that the movement of FoxA1 in the nucleus is restricted particularly by sequence-independent interactions with chromatin.
In cancer cell lines, FoxA1 preferentially associates with specific target sequences containing histone H3 that is dimethylated on Lys 4 (Lupien et al. 2008 ). Due to the statistical threshold to reduce the noise in their chromatin immunoprecipitation (ChIP)-chip analysis, Lupien et al. (2008) did not investigate nonspecific chromatin-binding events. However, we found that FoxA binds with high affinity to nucleosomes made with recombinant histones lacking eukaryotic modifications (Figs. 3, 4; Sekiya and Zaret 2007) and that the slow movement of FoxA in nuclei is limited by the factor's affinity toward nonspecific nucleosomal DNA. We speculate that the slow movement allows FoxA to locate high-affinity target sites in highly compacted chromatin in vivo, such as occurs at silent genes in development. For example, a GATA-4 site is occupied adjacent to a FoxA site at the silent alb1 gene in undifferentiated endoderm ). Yet GATA4 binding to nucleosomes is greatly facilitated by FoxA binding (Cirillo and Zaret 1999) , and, as found here (Fig. 1A) , GATA-4 is much more mobile in the nucleus than FoxA. We suggest that slow nuclear mobility reflects FoxA's function as a pioneer factor: probing ''chromatinized'' sites in nuclear DNA that many other TFs cannot access, followed by stable binding that allows other factors to engage the chromatin.
Materials and methods
Cells transfected with GFP fusion vectors were cultured on coverslips, then the coverslips were mounted on hanging drop slide glasses. Photobleaching was performed with a TCS SP2 confocal laser scanning microscope (Leica), using a 488-nm laser and a 633 plan Apo lens (1.4 NA). Laser power was attenuated to 1% of the bleach intensity. Five single-prebleach images were acquired, followed by four iterative bleach pulses of 241 msec each. Single-section images were then collected at 0.241-to 1-sec intervals. Recovery of signal in the bleached region and loss of signal in the unbleached were taken as average intensities of at least 50% of the bleached or unbleached area. Recovery and loss curves were from background-subtracted images. Further details and other methods are in the Supplemental Material.
